A compact frequency selective surface (FSS) for 5G applications has been designed based on 2.5-dimensional Jerusalem cross. The proposed element consists of two main parts: the successive segments of the metal traces placed alternately on the two surfaces of the substrate and the vertical vias connecting traces. Compared with previous published two-dimensional miniaturized elements, the transmission curves indicate a significant size reduction (1/26 wavelengths at the resonant frequency) and exhibit good angular and polarization stabilities. Furthermore, a general equivalent circuit model is established to provide direct physical insight into the operating principle of this FSS. A prototype of the proposed FSS has been fabricated and measured, and the results validate this design.
Introduction
In recent years, frequency selective surfaces (FSSs) have drew extensive attentions because of their wide applications in the communication equipment [1, 2] . FSSs are always designed to reflect, transmit, or absorb electromagnetic wave, and they are applied in the design of antenna radomes, reflector of low-profile antenna, electromagnetic absorbers, and so on [3] [4] [5] [6] [7] . The typical FSS structures consist of two-dimensional (2D) periodically arranged resonate units [8] [9] [10] . In practical design, the number of FSS units is restricted to the requirement of size. For 5G communications, the antennas are very small and the radomes covering the antennas should be small as well [11] . However, when the infinite period of the FSS is truncated, it is bound to have a significant impact on the performance of the FSS. In order to maintain original performances and compromise this constraint, compact FSS elements are required.
At present, several methods are proposed to realize the miniaturization of FSS. By adding some lumped reactive components to their design, the size of FSS element has been reduced because of the increasement of the inductance and capacitance of equivalent circuit [12] . In [13] , the miniaturization of element is realized by reducing the thickness of dielectric substrate, so that the capacitance between various metallic layers has been increased. Moreover, a loop-wire structure has been introduced in [14] , which consists of a metallic patch and wire-grid on the opposite layer of substrate to enhance the inductance and capacitance. The FSS element consists of four symmetrical spiral patterns of metallic meander lines which has been designed to increase the length of resonant structures in a given periodicity [15] . In [16] , the spiral slot element with a compact arrangement has been proposed, which effectively increases the corresponding equivalent inductance. And the corresponding equivalent capacitance can also be increased by adjusting the distance between every two slots. More recently, square loop with vertical vias is applied to design FSS element [17] . In this design, the capacitance is increased by the capacitive coupling of adjacent via wall, and the inductance is increased by using the knitted structure alternately across different layers of substrate. The element size of this design is around 1/16 wavelengths. For 5G mobile communications, further size reduction should be investigated. In this paper, novel miniaturized FSSs based on 2.5D Jerusalem cross element have been designed, and the working frequency is around 3.3 GHz which is the potential 5G communication frequency. The FSS element uses 41 vias to provide additional inductance and capacitance due to extensive path and via wall coupling between adjacent elements. Comparing with [17] , this design has more significant effect of size reduction which achieves a FSS element around 1/26 wavelengths at the resonant frequency. Moreover, this FSS provides good resonant stability for various polarizations and incident angles. The equivalent circuit model of the FSS has also been proposed for the analysis of its performance. Finally, to validate the results of proposed FSS, a prototype has been fabricated and measured. The proposed 2.5D FSS can be easily fabricated using low-cost PCB processing. The results show a good consistency between the full-wave simulations and measurements.
Element Design and Performance Analysis
The FSS element can be treated as a resonance circuit when it is illuminated by the incident waves. The resonant frequency is determined by the formula = 1/(2 √ ), where and represent equivalent inductance and capacitance of the element, respectively. Therefore, the method of miniaturization technique is to increase the value of inductance and capacitance. Based on this theory, the proposed structure of the 2.5D miniaturized element has been designed.
In Figure 1 , the metallic segments of the straight-line type FSS element are alternately placed on the top and bottom surface of the substrate and then connected through the metallic vias. The element is printed on a dielectric substrate FR-4 ( r = 4.4; loss tangent = 0.025), and the periodicity of unit cell is p. The length of the planar element is and the width of its conductor is . Each arm and cap are divided into five and seven segments, respectively. And then, the successive segments are printed on the top and bottom side of substrate connected through vias alternatively. The radius of all vias is while the center to center spacing between adjacent vias is s. The dimensions of the designed FSS are listed in Table 1 .
It can be observed from Figure 2 that the straight-line type element resonates at 5.5 GHz in contrast to the traditional Jerusalem cross element with the same design parameters that has a resonant frequency of 14.5 GHz. Thus, the size of the proposed element has been reduced from 1/6 to 1/16 wavelengths. To further miniaturize the size of element, a 2.5D Jerusalem cross with meander-line arm is proposed, as shown in Figure 3 . Comparing with the previous structure, the proposed element with inserted additional vias and metal traces has a longer electric length. Therefore, the value of equivalent inductance can be increased and the resonant frequency can be decreased as well. Figure 4 shows that the transmission coefficients of the proposed FSS. The performance is simulated using finite element method incorporating with periodic boundary condition. The meander-line type element resonates at the frequency of 3.3 GHz with the same substrate thickness. Correspondingly, the period of the meandering line element is reduced to 1/26 wavelengths. Hence, the size of element has been reduced considerably. Furthermore, the transmission response with various substrate thicknesses has been studied. With the reduction of substrate thickness, the resonant frequency decreases due to the reduction of the inductance and capacitance of the metallic vias.
In Figure 5 , the angular and polarization stabilities of proposed FSS element have been investigated. From this figure, it is observed that the maximum deviation is about 0.3% between the incidence angles 0 ∘ and 60 ∘ in both the TE and TM cases, which indicates extremely stable resonance at various polarizations and incidence angles. A size comparison between the proposed and previous reported FSSs is provided in Table 2 . For a fair comparison, the same substrate as that in the papers is adopted. It can be seen that the size of proposed FSS is very small. Although the size of FSS in [12] is smaller, it uses bulky lumped reactive components for the miniaturization. Similarly, the FSSs in [13] are two-dielectric layer structure. Compared with the designs on single dielectric layer [15] [16] [17] , the proposed FSS has significant size reduction.
Equivalent Circuit Models Validation and Results Analysis
To provide direct physical insight into the operating principle of the 2.5D Jerusalem cross FSS, an equivalent circuit model is proposed in this section. The traditional Jerusalem cross is described by series circuit model. For the 2.5D Jerusalem cross, metal vias in the substrate can be treated as an additional inductor to link the top and bottom strips together, and the adjacent vias in two neighbor units can be treated as an additional capacitor, respectively.
As shown in Figure 6 (a), 1 and V represent the equivalent inductance, respectively, generated by the serial metal strips and vertical vias, while 1 and 2 represent the equivalent capacitance, respectively, generated by the adjacent metal strips and vertical vias in two neighbor units. The equivalent circuit of the FSS element is illustrated in Figure 6 (b) in which the total contribution of serial metal strips and vias for the inductance is represented by 1 and V . Similarly, the total contribution of adjacent metal strips and vertical vias for the capacitance is represented by 1 and 2 . By combining the inductances 1 and V into and combining capacitances 1 and 2 into , the FSS element can be described by a simpler equivalent circuit, as shown in Figure 6 (c).
Metal tracks at top layer Metal tracks at bottom layer Metal vias
The equivalent inductance and capacitance of this circuit model depend on the given physical parameters. The equivalent inductance can be increased by adding substrate thickness or decreasing the spacing between adjacent vias because of the increasing electrical length. Similarly, the equivalent capacitance can be increased by narrowing the gap between neighboring element. Therefore, the resonant frequency can be tuned by adjusting the relevant parameters of the FSS element.
In order to validate the methodology of the proposed equivalent circuit, its performance is assessed against the results obtained from full-wave electromagnetic simulations. As shown in Figure 7 , the transmission curves of the equivalent circuit model and electromagnetic have been illustrated. It can be observed that the frequency responding of equivalent circuit model is accurate with the electromagnetic simulations, though its bandwidth evaluation becomes slightly narrower compared with electromagnetic simulation.
Fabrication and Measurement
In order to validate the designed structures in the above sections, the proposed FSS is fabricated using the normal PCB technique and tested in a free-space measurement environment. The design parameters of these prototype are the same as those given in Section 2. The fabricated FSS sample is shown in Figure 8 . The FSS fabricated on FR-4 board and the total size is 350 × 350 mm 2 and consists of 100 × 100 elements. The FSS is measured in a microwave anechoic chamber with a vector network analyzer and two standard horn antennas are placed on the two sides of the FSS as the transmitting and receiving antennas. Figure 9 shows the transmission coefficients at various incident angles, with both TE and TM polarizations. It can be observed that the measured results are evidently consistent with the proposed models. In addition, the measurement results confirmed that the proposed FSS exhibited a stable resonant frequency. The discrepancies between the measurements and the simulations are mainly caused by the fabrication tolerance of the fine metal lines and vias and measurement uncertainties. Overall, the experimental results can demonstrate the performance of the proposed miniaturized FSS.
Conclusion
A novel miniaturized FSS based on 2.5D Jerusalem cross has been designed for the application to 5G antenna radomes. Benefitting from the additional inductance and capacitance due to the 2.5D structure, the unit length of this FSS is only 1/26 wavelengths at the resonant frequency of 3.3 GHz. Furthermore, the resonant frequency of the proposed FSS exhibited a good stability at various polarizations and incident angles. The deviation of the resonant frequency is less than 0.3% even if the incident angle is 60 ∘ in both TE and TM cases. Moreover, an equivalent circuit model has been proposed to provide direct physical insight. The experiments' results have been given and these results validate the proposed design.
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